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Summary
Arbuscular mycorrhizal fungi (AMF) form symbioses with
themajority of plants, improving plant nutrition and diversity
[1, 2]. Evidence exists suggesting that AMF contain popula-
tions of genetically different nucleotypes coexisting in
a common cytoplasm [3, 4]. This potentially has two impor-
tant consequences for their genetics. First, by randomdistri-
bution of nuclei at spore formation, new offspring of an AMF
could receive different complements of nucleotypes
compared to the parent or siblings—we consider this as
segregation. Second, genetic exchange between AMFwould
allow the mixing of nuclei, altering nucleotype diversity in
new spores. Because segregationwas assumed not to occur
[5–7] and genetic exchange has only recently been demon-
strated [8], no attempts have been made to test whether
this affects the symbiosis with plants. Here, we show that
segregation occurs in the AMF Glomus intraradices and
can enhance the growth of rice up to five times, even though
neither parental nor crossed AMF lines induced a positive
growth response. This process also resulted in an alteration
of symbiosis-specific gene transcription in rice. Our results
demonstrate that manipulation of AMF genetics has impor-
tant consequences for the symbiotic effects on plants and
could be used to enhance the growth of globally important
crops.
Results and Discussion
Testing for the Occurrence of Segregation in Arbuscular
Mycorrhizal Fungi
Despite the enormous importance of the mycorrhizal symbi-
osis, no attempts have been made to manipulate the genetics
of the fungal partners in order to alter their symbiotic effects on
plant growth and nutrition. These putative ancient asexuals are
thought to grow clonally [9–11]. Because of this, it was thought
that genetic exchange and segregation were lacking in these
fungi. Additionally, little evidence exists for strong positive
symbiotic effects on the growth of some of the most globally
important crop plants, such as rice. Our aim in this study
was to start with arbuscular mycorrhizal fungi (AMF) lines of
the species Glomus intraradices that do not display positive
growth effects on rice and test whether we could induce
genetic change, giving rise to genetically novel AMF that would
induce different growth effects. A further aim was to test
whether these novel AMF lines could also alter the transcrip-
tion of symbiosis-specific genes in rice.
Segregation in AMF has not previously been demonstrated.
The likelihood of segregation occurring is dependent on the*Correspondence: ian.sanders@unil.chgenetic diversity of nucleotypes present in the mother spore.
Genetic exchange should lead to progeny (hereafter called
crossed lines) with higher genetic diversity compared to their
parents because of the mixing of nuclei. Thus, to test the
occurrence of segregation, we initiated single-spore cultures
from crossed lines of the AMF Glomus intraradices [8]
(Figure 1). The number of nuclei present per AMF spore can
range from approximately 800 to several thousand, depend-
ing on the species [12]. The number of nuclei in G. intraradi-
ces spores has not been measured precisely but is certainly
at least several hundred per spore. These crossed lines were
previously shown to exhibit biparental inheritance and
different phenotypes compared to their parents [8]. The
parental lines originally used to obtain crossed lines were
shown to differentially affect plant growth [13]. Four different
crossed lines were used (S3 and S4 from the pairing between
parental lines C2 and C3, and Sc1 and Sc2 from the pairing
between parental lines C3 and D1). Single spores were sepa-
rately cultivated from each crossed line, giving three to six
potentially segregated lines (S3a–S3f, S4a–S4c, Sc1a–Sc1f,
and Sc2a–Sc2f for crossed lines S3, S4, Sc1, and Sc2,
respectively). A previous study tested the segregation
hypothesis in G. etunicatum by looking at segregation of 13
different alleles of one locus [5]. That study did not reveal
total segregation of alleles. However, the different alleles
could have been shared by many nuclei so that total segrega-
tion of any of the variants would not have been detected.
Moreover, the study did not look at differences in relative
frequencies of the different alleles (partial segregation).
Increasing the number of markers would increase the chance
to observe segregation that may involve rare nuclei. In the
present study, we used both amplified fragment length poly-
morphism (AFLP) analysis, because it represents a consensus
of the global diversity of one AMF, and sequence-based
markers. In addition to indicating the presence or absence
of markers to reveal total segregation, those methods can
also be used to detect changes in nucleotype frequency.
Indeed, AFLP can detect partial segregation if some alleles
increase in frequency in progeny and become detectable
by AFLP or, on the contrary, decrease in frequency and
pass below the level of detection by AFLP. Sequence-based
markers, which allow the amplification of multiple alleles
present in a single individual, can also be used to detect
quantitative differences by studying changes in the relative
frequencies of the different alleles (see Supplemental Exper-
imental Procedures available online).
We first analyzed AFLP fragments of potentially segregated
lines for the presence and absence of markers that were previ-
ously found in the crossed lines (Table 1; Table 2; Table S1;
Table S2). Our results show that segregation occurred,
because reproducible polymorphisms were observed
between crossed lines and segregated lines and among segre-
gated lines (Table 1; Table 2; see Table S1 for an example of the
scoring of the polymorphic markers). The majority of the
genetic differences between crossed and segregated lines
(52%–82%) corresponded to the disappearance of markers
in at least one of the segregated lines (Table 1). A lower
percentage of changes (13%–43%) corresponded to markers
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Figure 1. Experimental Design
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1217that were detected in at least one segregated line and were not
detected in crossed lines but were detected in the original
parental lines used to produce the crossed lines (Table 1).
Finally, 5%–10% of markers were only detected in the segre-
gated lines (Table 1). Disappearance of markers could mean
that some nucleotypes were completely segregated among
the spores (total segregation). An alternative hypothesis is
that the disappearance or appearance of markers could be
due to new mutations arising or recombination. Such results
could also be due to changes in the frequency of the nucleo-
types in the new segregated lines (partial segregation),
allowing or preventing their detection by AFLP. The change
in nucleotype frequencies is strongly supported by the fact
that some markers were detected in parental lines, were not
detected in crossed lines, and were then detected again in
some segregated lines, suggesting that such markers were
at undetectable levels but were still present in the crossed
lines. Finally, we also found that segregated lines originating
from the same crossed line were significantly different from
each other when comparing the identity of the polymorphic
markers (Table 2).
Sequence-based markers were also used to detect partial
segregation (or alterations in nucleotype frequency). The
locus Bg112 presents multiple alleles within the same indi-
vidual, and the alleles differ in sequence and in the number
of trinucleotide repeats. We first used a pair of primers flank-
ing the repeat region to amplify alleles that could be discrim-
inated by sequence and length. Qualitative differences
among AMF lines did not occur, because all of the allelesTable 1. Number of AFLP Markers Differing in at Least One Segregated Line a
Comparison of Markers between
Crossed Lines and Segregated Lines Sc1 and Sc1a–Sc1f Sc2 an
Number of markers disappearing in
Markers detected in parental lines 75 42
Markers undetected in parental lines 3 6
Total 78 48
Number of markers appearing in at
Markers detected in parental lines 12 27
Markers undetected in parental lines 5 8
Total 17 35
Amplified fragment length polymorphism (AFLP) markers either were detecte
section of table) or were undetected in crossed lines and appeared in at least
tected in at least one of the parental lines used to produce crossed lines or w
crossed lines was 938, 917, 938, and 950 for crossed lines Sc1, Sc2, S3, and S4
markers and Table S2 for more details.were detected in each AMF line (Figure 2A). However, we
then compared the relative frequencies of the different alleles
among AMF lines to test the occurrence of partial segrega-
tion (see Supplemental Experimental Procedures and
Table S3). Multivariate analysis of variance results revealed
strong significant differences in the proportion of the four
alleles among AMF lines initiated from the two crossed lines
S3 and Sc2. For example, the proportion of allele 1 decreased
in the segregated lines produced from the crossed line S3,
whereas the proportion of allele 4 either remained stable or
increased in these segregated lines (Figure 2A). The propor-
tions of the four alleles did not differ significantly among
the AMF lines initiated from crossed lines Sc1 and S4
(Figure 2A). We also used another pair of primers down-
stream of the repeat region to amplify alleles from the
crossed line S3 and the segregated lines S3d, S3e, and S3f
that could be distinguished by sequence. Frequencies of
the alleles were determined by 454 pyrosequencing of the
amplicons. There were considerable differences in the
frequency of alleles I–III among S3d, S3e, and S3f
(Figure 2B; Table S3). Furthermore, qualitative differences
were also detected among the AMF lines (Figure 2B). Allele
IV was detected in one of the parental lines used to produce
the crossed line S3 (data not shown) and in two segregated
lines, but not in the crossed line S3 and in the other segre-
gated line (Figure 2B). Another allele (allele V) was only de-
tected in two of the segregated lines (Figure 2B).
The disappearance or the fluctuation in frequency of
nucleotypes shown in the present study by AFLP andnd Originating from the Same Crossed Line
d Sc2a–Sc2f S3 and S3a–S3f S4 and S4a–S4c
at least one segregated line compared to crossed lines
54 38
6 8
60 46
least one segregated line compared to crossed lines
24 37
4 4
28 41
d in crossed lines and disappeared in at least one segregated line (upper
one segregated line (lower section of table). Polymorphic markers were de-
ere undetected in parental lines. The total number of markers analyzed in
, respectively. See Table S1 for an example of determination of polymorphic
Table 2. Number of Markers Differing in Each Segregated Line Compared to the Crossed Line of Origin
Segregated Line
Number of Markers Disappearing
in Segregated Line
Number of Markers Appearing
in Segregated Line Gadj df p Value
S3a 30 15
S3b 14 13
S3c 30 7
S3d 13 11
S3e 30 8
S3f 28 9
Proportion of polymorphic markers 10.62 5 0.059
Proportion of disappearing
and appearing markers
11.04 5 0.051
S4a 26 31
S4b 25 37
S4c 23 3
Proportion of polymorphic markers 17.05 2 <0.001
Proportion of disappearing and appearing
markers
19.84 2 <0.001
Sc1a 57 3
Sc1b 30 5
Sc1c 22 5
Sc1d 23 2
Sc1e 28 3
Sc1f 14 11
Proportion of polymorphic markers 24.72 5 <0.001
Proportion of disappearing and appearing
markers
19.28 5 0.002
Sc2a 23 9
Sc2b 19 7
Sc2c 11 25
Sc2d 18 19
Sc2e 9 13
Sc2f 13 16
Proportion of polymorphic markers 5.69 5 0.34
Proportion of disappearing
and appearing markers
18.30 5 0.003
The rightmost three columns correspond to the results of the G tests used to detect significant genetic differences among arbuscular mycorrhizal fungus
lines originating from crossed lines: adjusted G value (Gadj), degrees of freedom (df), and significance (p value).
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1218sequence-based markers indicates that new spores formed
from the same individual can contain a different assortment
or a different proportion of nucleotypes compared to parental
or other new spores. Thus, segregation (total or partial) occurs
in G. intraradices.Effects of Genetic Exchange and Segregation
on Plant Growth
Having detected segregation in AMF, we then tested the
effects of both genetic exchange and segregation in AMF
on plant growth. We inoculated two plant species (Plantago
lanceolata and Oryza sativa) with parental, crossed, and
segregated lines (Figure 1). P. lanceolata is a plant that
has repeatedly been shown to benefit from mycorrhizal fungi,
whereas few, if any, reports clearly demonstrate a strong
benefit of AMF inoculation on rice growth. The effect of
genetic exchange in AMF on plant growth was tested by
inoculating both plant species with six crossed lines and
their respective parental lines. Genetic exchange in AMF
significantly altered plant growth (Figure 3A; Table S4). Where
significant changes occurred, the growth of both plant
species was reduced after inoculation with crossed lines
compared to plants inoculated with parental lines
(Figure 3A). Moreover, O. sativa inoculated with either
crossed or parental lines did not grow any larger thanuninoculated plants (Figure 3A). We then tested the effect
of segregation in AMF on plant growth. Plants were inocu-
lated with three crossed lines and their respective segregated
lines. In all cases, except for P. lanceolata inoculated with
crossed line S3 and the subsequent segregated lines, segre-
gation in AMF had substantial effects on plant growth
(Figure 3B; Table S4). In P. lanceolata, when significant differ-
ences occurred, we found that inoculation with segregated
lines reduced plant growth compared to inoculation with
crossed lines (Figure 3B). This was the case for the segre-
gated line Sc2b compared to crossed line Sc2 and segre-
gated line Sc4 compared to crossed line S4 (Figure 2B).
However, we found the opposite in rice. Indeed, O. sativa
plants inoculated with some segregated lines (Sc2d and
Sc2e; Figure 3B) were two to five times larger than plants
inoculated with other AMF lines, including the crossed line,
and also compared to uninoculated plants (Figure 3B). One
offspring line of S3 and one offspring line of S4 also resulted
in significantly increased rice growth compared to plants
inoculated with S3 or S4 (Figure 3B). The differences in how
the two plant species respond to inoculation with segregated
lines are highlighted by the significant AMF line 3 plant
species interactions (Table S4). In all cases where significant
differences in plant growth (either positive or negative)
occurred after inoculation with a segregated AMF line
compared to inoculation with the crossed line of origin,
Sc1 Sc1a Sc1b Sc1d Sc1e Sc1f
S3 S3a S3b S3d S3e S3f
S4 S4a S4b S4c
Crossed lines Segregated lines
Allele 1
Allele 2
Allele 3
Allele 4
Allele 5
Allele 6
Allele 7
Allele 8
Sc2a Sc2b Sc2c Sc2d Sc2f
Segregated linesCrossed line
A
S3 S3d S3e S3f
Segregated linesCrossed line
B
Allele I
Allele II
Allele III
Allele IV
Allele V
Figure 2. Relative Allele Frequencies of the
Bg112 Locus in Crossed and Segregated Arbus-
cular Mycorrhizal Fungus Lines
(A) Alleles differed in their length, and the allele
frequencies were measured as relative fluores-
cence units (rfu) from electropherograms. The
same four alleles were found for the crossed lines
S3, Sc1, and Sc2 and their segregated lines
(alleles 1–4), and four other alleles were found
for the crossed line S4 and the segregated lines
S4a–S4c (alleles 5–8). The amount of DNA for
the crossed line Sc2 and the segregated lines
S3c, Sc1c, and Sc2d was insufficient to perform
the analyses. Multivariate analysis of variance
results: segregation in line S3: Pillai’s trace =
1.48, approximated F20,80 = 2.36, p = 0.004; segre-
gation in line Sc1: Pillai’s trace = 0.86, approxi-
mated F20,80 = 1.10, p = 0.4; segregation in line
Sc2: Pillai’s trace = 1.40, approximated F16,68 =
2.30, p = 0.009; segregation in line S4: Pillai’s
trace = 0.62, approximated F12,39 = 0.85, p = 0.6.
(B) Allele frequencies differed according to 454
pyrosequencing of DNA of the crossed line S3
and the segregated lines S3d, S3e, and S3f. Five
alleles were found (alleles I–V). Appearance and
disappearance of alleles was also observed.
See Table S3 for numeric values.
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1219genetic differences had been demonstrated for those lines
with AFLP, frequency of alleles at the Bg112 locus, or both
methods. Our work shows that genetic changes in the fungus
affect plant growth, but further long-term studies are needed
to address how stable these effects are over time.
Even though rice establishes symbioses with AMF, the
present study shows that inoculation with nonmanipulated
AMF does not induce a growth benefit. This is probably
why there are no reports in the literature showing that rice
benefits from AMF inoculation, despite the vast wealth of
published studies showing responses of hundreds of plant
species to inoculation with AMF. However, our results
demonstrate that such responses are not fixed and can be
altered by simple manipulations of the genetics of the fungi
via genetic exchange and segregation. Additionally, the
effects found in both experiments were plant species
specific, and thus the effects of genetic changes induced in
AMF were not the same on the symbiosis with two different
plant species. Other studies have found that plants do not
respond in the same way when inoculated with different
AMF [13–16] and that AMF are not always beneficial for all
plant species [13, 16, 17]. However, those studies only
considered the effects of AMF diversity at the community
and population levels. Our results demonstrate that manipu-
lating the genetics of AMF at the individual level has impor-
tant consequences for symbiosis with plants, even those of
global importance for human nutrition.Effects of Segregation on Symbiosis-
Specific Gene Transcription
We looked at the effects of segregation
in AMF on symbiosis-specific gene tran-
scription. Rice genes that are specifically
upregulated during the establishment of
the symbiosis have recently been identi-
fied [18–20]. We analyzed the expression
of four of these genes:AM1,AM3,AM14,
and PT11. Two of the genes (AM1,a putative peroxidase, and AM3, which contains a peptido-
glycan-binding LysM domain 1) are transcribed early in rice
following colonization by the fungus. This means that their
transcription begins even before the formation of arbuscules
(the fungal structures inside root cells allowing exchange of
nutrients between plants and AMF). The other two genes
(AM14, a serine/threonine kinase-like gene, and PT11, a phos-
phate transporter) are transcribed later in the establishment of
the symbiosis (following arbuscule formation). PT11 is strictly
induced in arbusculated cells. This important gene is impli-
cated in transfer of phosphorus, the major nutrient transported
by the fungus in the AM symbiosis, in rice. The effect of segre-
gation in AMF on the transcription of these genes was studied
in rice inoculated with the crossed line S4 and the segregated
lines S4a–S4c. In the segregation experiment, the lines S4a–
S4c did not result in the largest differences in rice growth,
but because of the length of time needed to carry out such
experiments, the rice gene experiment had to be initiated
before the plant growth results were available. The results
show that segregation in AMF significantly affected gene tran-
scription in rice (Figure 4). The differential effects of segre-
gated AMF lines on gene transcription were similar in the
four genes studied. Inoculation with segregated lines S4a
and S4c induced higher transcription of the four genes
compared to inoculation with segregated line S4b or crossed
line S4. Although the patterns of transcription of all four genes
seem to be correlated, this was not the case for genes not
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Figure 3. Effect of Genetic Exchange and Segregation in Arbuscular Mycorrhizal Fungi on Plant Growth
(A) Mean dry weight of nonmycorrhizal (NM) plants (hatched columns), plants inoculated with parental lines (black columns), and plants inoculated with
crossed lines (white columns). S1, S3, and S5 came from pairing C23 C3, and Sb, Sc2, and Sd came from pairing C33 D1. The overall effect of arbuscular
mycorrhizal fungus (AMF) inoculation was plant species specific: Plantago lanceolata significantly benefited from mycorrhizal symbiosis (F1,90 = 33.73,
p < 0.001), and inoculation significantly reduced growth in Oryza sativa (F1,94 = 9.20, p < 0.01).
(B) Mean dry weight of NM plants (hatched bars), plants inoculated with crossed lines (black bars), and plants inoculated with segregated lines (white bars).
No overall effect of AMF inoculation was found (F1,180 = 2.78, p = 0.1 and F1,180 = 0.24, p = 0.62 for P. lanceolata and O. sativa, respectively) because of the
contrasting effects on plant growth of the AMF lines. Significant differences between NM and mycorrhizal plants were observed forO. sativa inoculated with
Sc2d and Sc2e and for P. lanceolata inoculated with Sc2b, Sc2e, S3f, and S4c according to Dunnett’s test (p < 0.05). Error bars represent +1 standard error,
and different letters above bars indicate a significant difference (p < 0.05) according to the Tukey-Kramer honestly significant difference (HSD) test. See also
Table S4.
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1220involved in symbiosis. Transcription levels of two house-
keeping genes, encoding polyubiquitin and cyclophilin, were
also measured. Because transcription of the polyubiquitin-en-
coding gene did not differ among plants inoculated with
different AMF lines, this was used to standardize the data.
Transcription levels of the housekeeping gene encoding cyclo-
philin differed significantly among plants inoculated with
different AMF lines, but they were not correlated with theR
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show that segregation in AMF can have large effects not only
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Figure 4. Effect of Segregation in AMF on Plant
Gene Transcription
Real-time RT-PCR-based transcription analysis
of AM1, AM3, AM14, and PT11 genes in rice roots
inoculated with crossed line S4 (black bar) and
segregated lines S4a–S4c (white bars). Transcrip-
tion levels are shown relative to the constitutively
expressed polyubiquitin-encoding gene. Error
bars represent +1 standard error, and different
letters above bars indicate a significant differ-
ence (p < 0.05) according to the Tukey-Kramer
HSD test. See also Table S5 and Figure S1.
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1221of the symbiosis, and on fundamental mycorrhizal-specific
genes implicated in nutrient acquisition in plants. Further
studies adopting a microarray or high-throughput sequencing
approach are highly warranted, because they could give
a wider understanding of how genetic changes in the fungus
affect overall patterns of plant gene expression, extending
beyond known symbiosis-specific genes.
Genetic exchange and segregation in AMF are two
processes that can potentially alter the nucleotype comple-
ment of new AMF progeny. If genetically different nucleotypes
express different genes, then alteration in nucleotype frequen-
cies could have important consequences for the symbiosis.
Overall, our results demonstrate that genetic exchange and
segregation in AMF can significantly affect how the plant
responds to the symbiosis, resulting in species-specific nega-
tive or positive growth effects and altering the transcription of
plant genes that are specifically upregulated during the estab-
lishment of the symbiosis. The exact mechanisms of how
changes in nucleotype frequency in the fungus alter the symbi-
otic effects on plants still remain a ‘‘black box,’’ and future
research efforts should be directed toward unraveling such
mechanisms. Our results represent an important step in the
understanding of AMF genetics and form a basis for further
experimental approaches to understand how AMF genetics
can be used to promote the growth of globally important
crops.Experimental Procedures
Detailed methods are provided in the Supplemental Experimental Proce-
dures. Briefly, all of the AMF lines used in the experiments were cultivated
on plates containing Ri T-DNA-transformed carrot roots [21] and maintained
through clonal subculturing (growth period of 15 weeks) using the same
protocol as in Koch et al. [22]. The hyphae and spores produced clonally
from each parental, crossed, and segregated line were used to perform
two independent DNA extractions and subsequent molecular analysis.
AFLP and sequence-based markers were used to detect segregation (total
or partial) in AMF. To test the effect of genetic exchange and segregation on
plant growth, we measured the dry mass (root plus shoot) of each plant after
a growth period of 12 weeks. To test the effect of segregation on symbiosis-
specific gene transcription, we performed analyses on fresh rice roots after
the same period.Supplemental Information
Supplemental Information includes five tables, one figure, and Supple-
mental Experimental Procedures and can be found with this article online
at doi:10.1016/j.cub.2010.05.031.
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